Extra sex combs is a member of the Polycomb Group genes, whose products are required for stable long term transcriptional repression of the homeotic genes of the Bithorax and Antennapedia complexes. The PC-G proteins are required to maintain the spatially restricted domains of homeotic gene expression established by the transiently expressed repressors, e.g., hunchback, but are not required for the functioning of these early repressors. This implies two distinct modes of repression and raises the question: how does the transition from early transient repression to stable PC-G-mediated repression occur? While other PC-G proteins are required continuously throughout development, the esc RNA is only present transiently in early embryos, suggesting that esc may play a role in mediating this transition to stable long term PC-G-mediated repression. The predicted esc protein contains multiple copies of the WD motif, found in G-protein /3 subunits as well as non-G proteins involved in diverse cellular functions, including transcriptional repression. The sequence alterations of a number of esc mutations cause amino acid substitutions within the WD repeats, identifying them as essential for the function of the esc protein as a repressor of homeotic gene expression. Other WD proteins are components of reversible macromolecular assemblies and the WD motif has recently been directly implicated in mediating interactions with other proteins in such complexes. We propose that the esc protein is similarly involved in the initial recruitment of PC-G repressors to the homeotic genes to establish their stable long term repression.
Introduction
Mutations in esc and other PC-G genes cause widespread ectopic derepression of the homeotic genes outside their normal spatially restricted expression domains (Lewis, 1978; Duncan and Lewis, 1982; Struhl, 1981 Struhl, , 1983 Duncan, 1982; Niisslein-Volhard et al. 1984; Ingham, 1984; Dura et al., 1985; Jiirgens, 1985) . This derepression occurs during the extended germ band stage, beginning 4-5 h after fertilization, around stage 9/10 (Campos- Ortega and Hartenstein, 1985; Struhl and Akam, 1985; Wedeen et al., 1986; Glicksman and Brower, 1990; Gould et al., 1990; McKeon and Brock, 1991; Simon et al., 1992) . Until this time, the spatially restricted patterns of homeotic gene expression develop normally, indicating that the initial repression of homeotic genes outside their 78 S.S. Sathe. P.J. Harte I Mechanisms ofDevelopment 52 (1995) 77-t37 A number of PC-G genes have been isolated and shown to encode novel proteins which co-localize to specific sites on the polytene chromosomes of the larval salivary gland, including the sites of their targets in the BX-C and ANT-C (Zink and Paro, 1989; Zink et al., 1991; DeCamillis et al., 1992; Martin and Adler, 1993; Rastelli et al., 1993; Lonie et al., 1994) . This suggests that they act directly on the homeotic genes to repress their activity. Furthermore, they have been shown to be present in multiprotein complexes which appear to be bound extensively throughout their target genes when they are repressed, but not when they are active (Orlando and Paro, 1993) . In contrast, attempts to map Pc-Gresponse elements by transformation of discrete fragments of the large Ubx gene have identified only one fragment which can act as a PC-G binding site and functional PC-G response element in vivo (Chan et al., 1994 ; see also Simon et al., 1990 Simon et al., , 1992 Simon et al., , 1993 . Together these two observations suggest that PC-G-mediated repression operates over long distances and may involve initial binding of PC-G proteins to specific sites within their target genes and subsequent assembly of extended aggregates of PC-G proteins and possibly other chromosomal proteins, nucleated from PC-G proteins bound at these discrete binding sites. As previously suggested, the mechanism of PC-G-mediated repression may share some features with the mechanism of heterochromatin formation (Paro, 1990) . Indeed, the PC protein itself has been shown to share a highly conserved motif, the chrome domain, with the heterochromatin-specific protein HP1 (James and Elgin, 1986; Paro and Hogness, 1991) .
The ubiquitous distribution of PC-G proteins (Par0 and Hogness, 1991) and their apparent lack of high affinity sequence-specific DNA binding activities (Messmer et al., 1992; Rastelli et al., 1993) raises the question of how the PC-G proteins are recruited to their target genes in those cells where these genes are destined for long term repression, but not in those cells where they remain active. Previous genetic evidence indicated that esc is unique among the PC-G genes in that its activity is not required continuously, but appears to be required only during the time when the transition from transient to stable repression is occurring (Struhl and Brower, 1982) . This suggests that the esc gene product may play a role in this transition, perhaps mediating the initial targeting of PC-G protein complexes to transiently repressed homeotic genes, after which it is dispensable.
To begin to investigate the proposed role of esc in the transition from transient to PC-G-mediated repression, we have characterized the esc gene and predicted protein. The chromosomal interval containing the esc gene was previously cloned and P element-mediated transformation was used to show that a 12 kb DNA fragment rescues esc mutations (Frei et al., 1985a) . A 1.8 kb candidate esc mRNA encoded within this segment was shown to exhibit a developmental expression profile on Northerns consistent with the maternal effect of esc mutations and the transient early requirement for esc (Frei et al., 1985b) . We re-isolated the previously identified candidate esc gene as described in Section 4 and used it to isolate full length cDNAs. We prove that it encodes esc by identifying DNA sequence alterations of esc mutations which alter its predicted amino acid sequence. These mutations also identify functionally important regions of the protein.
We determined the expression profile of esc RNA in embryos, which is consistent with a transient role in establishing stable long term PC-G-mediated repression.
Results

I. Sequence of the esc gene
We isolated several apparently full length cDNA clones (-1.7 kb) which were determined to be structurally identical by restriction mapping. The largest one was sequenced along with a corresponding genomic DNA segment of approximately 3 kb. Fig, 1 shows a comparison of the genomic and cDNA sequences and reveals that the esc gene contains 3 introns of 72, 62 and 364 bp respectively. It contains a single consensus AATAAA polyadenylation signal 239 bp downstream of the coding sequence and a polyadenylation site 34 or 35 bp 3' of the polyadenylation signal, defined by the presence of poly-(A) tail on the cDNA which is not present in the genomic DNA. The ambiguity is due to the presence of two As in the genomic sequence at the polyadenylation site. The esc cDNA contains a single long open reading frame which is predicted to encode a protein containing 425 amino acids (M, = 48,000) with a predicted p1 of 6.7. Translation is predicted to begin at the first AUG codon at nucleotide 127 in this cDNA.
Properties of the predicted esc protein
The amino acid composition of the predicted esc protein (ESC) ( Fig. 2A) is unremarkable overall except for a moderate enrichment in Ser residues (10.4%), particularly in the N-terminal 58 residues (29% Ser). Some of the many Ser and Thr residues in this region (40% S+T) correspond to potential phosphorylation sites that could be involved in regulating the activity of ESC.
The N-terminal region is also depleted of hydrophobic residues and enriched in charged residues (26170 or 37%), two-thirds of which are basic. A run of 15122 Ser and Thr (residues 23-44) separates an acidic cluster (residues 1 l-22) from a basic cluster (residues 43-59) both of which are also interdigitated predominantly with Ser and Thr residues. Such short charge clusters are predicted to have functional significance in many proteins, particularly transcriptional regulatory proteins (Karlin, 1993) . The pattern of basic residues in this region of ESC exhibits some similarity to those found in protamines and Hl and H5 linker histones, but the significance of these similarities is uncertain, due to the frequent occurrence of such (Neer et al., 1994) . ESC residues conserved in the WD consensus pattern are highlighted. The predicted secondary structure (Neer et al., 1994) is shown below the alignment as a series of alternating beta sheets t$?) and turns (t). The two highly conserved regions (A and B) of the core motif are separated by a short variable length region (nl) which is predicted to form a turn. The regions separating WD repeats (n2) are much more variable. An x indicates any residue, h indicates strong hydrophobic residues (L, I, V, M, F) and a dash indicates positions that can be of slightly variahle length. The parentheses indicate the variable positioning of two conserved residues predicted to form a turn within this region (D, G, N, P), The second and third ESC repeats (WD2 and WD3) are the most similar to the consensus pattern, each containing only one departure from a perfect match, neither at highly conserved positions. The first repeat (WDI) contains two departures, a conservative YE variant of the 'WD' (although E is not in the consensus pattern) and a Ser residue in place of the highly conserved Asp six residues before the 'WD'. The fourth repeat (WD4) contains three misses, including a conservative Glu substitution (not in the consensus pattern) for the highly conserved Asp before the 'WD' (WK here). The fifth repeat (WD.5) differs from the consensus pattern at five positions, but only one difference is at a highly conserved position -that of the His in the 'GH'. The first of three less conserved or partial WD-like elements, between WDl and WD2, differs from the consensus pattern at only four positions, but these include the highly conserved GH (RS), D (R) and W (I). The Arg for Asp substitution is also present in an otherwise well conserved WD repeat of HIRI, a transcriptional repressor of the histone genes (Sherwood et al.. 1993) . suggesting that it may be compatible with function. The second less conserved element, between WD4 and WD5, requires introducing several gaps to make it a reasonable match to the consensus pattern. The third less conserved element is yet more fragmentary, but still has identifiable similarities to the consensus pattern.
regions of low 'compositional complexity' in existing databases (Altschul et al., 1994) and the overall richness of these particular chromosomal proteins in basic residues. This same region of ESC (residues 7-67) does not contain a single strong hydrophobic residue (L,I,V,M,F) and there are only three in the N-terminal 75 residues. These properties suggest that this N-terminal region constitutes a flexible, unstructured, solvent exposed region of ESC.
Residues 7-34 (KNGNEPEESEESCGDESASYTT-NSITSR) conform well to the criteria for PEST sequences and are scored very high (19.03) by the PESTFIND program (Rogers et al., 1986) . PEST sequences are found in many proteins which have short half-lives and are believed to act as signals for rapid proteolytic degradation (Rogers et al., 1986; Rechsteiner, 1990) .
There are no identifiable DNA binding motifs in ESC and no consensus nuclear targeting signals of either the SV40 T antigen type (PKKKRKV) (Kalderon et al., 1984) or the bipartite type (Robbins et al., 1991) , although the RSKRRGRR cluster in the N-terminus (residues 43-50) is similar to the former.
The ESC protein contains WD repeats
Homology searches revealed that ESC contains at least five copies of the 30-35 residue long 'WD' motif, a putative protein-protein interaction motif (a.k.a., WD-40 motif, /3-transducin motif) (Fig. 2B ). The WD motif was originally identified in P-transducin (Fong et al., 1986 ) and other G protein /? subunits (Gb) and subsequently in a growing number of non-fip proteins with diverse cellular functions (Duronio et al., 1992; Neer et al., 1994) , including transcriptional regulation (Keleher et al., 1992; Dynlacht et al., 1993; Paroush et al., 1994) . All the metazoan Gp proteins contain seven copies of this motif, constituting almost the entire protein. In addition to G, and G,, Gg proteins also interact with other proteins in their signal transduction pathways, thereby promoting the formation of ternary complexes of these proteins. One of the WD motifs of Gp has been directly implicated in interactions with G, (Thomas et al., 1993; Whiteway et al., 1994) . A single WD repeat in Tupl, a yeast transcriptional repressor, has also been shown to mediate direct binding of Tupl to the a2 homeodomain repressor in vitro (Komachi et al., 1994) , implicating it directly in the function of Tup 1 as a repressor.
In all known WD-containing proteins the WD motif is present in four or more copies and at least one copy closely matches a consensus pattern recently derived from alignment of 269 WD motifs (Neer et al., 1994) . The other copies may be less conserved. This is also the case with ESC (Fig 2B) . The second and third ESC repeats (WD2 and WD3) are the most similar to the consensus pattern, each containing only one departure from a perfect match, neither at the most highly conserved positions.
The first repeat (WDl) differs from the consensus pattern at two positions, the fourth (WD4) at three, and the fifth (WD5) at five positions, but only one of these is at a highly conserved position.
In addition to these five good matches to the WD consensus pattern, there are three other less conserved or partial WD-like elements (Fig. 2B) . Because there is little information relating structure and function of individual WD motifs, it is not possible presently to determine the significance of these less conserved WD-like elements. However, the occurrence of poorly conserved or partial WD-like elements in other WD proteins suggests that they might have some function.
ESC appears to be a novel WD protein with no closely related homologs among proteins in current databases. Searches with the individual WD repeats of ESC revealed that the WD repeats most closely related to each one are all in different proteins and occupy different positions (in a series of repeats) from the corresponding ESC repeat. Based on additional searches with the N-terminal ESC sequences outside the WD repeats, we can conclude that ESC is not the Drosophila equivalent of a known WDcontaining protein from another species.
Mutations in esc alter residues in the WD motifs
We determined the sequence alterations of a number of esc mutations (see Fig. 3 ). In each case, the entire mutant gene was sequenced and we found only a single DNA sequence alteration and consequent amino acid sequence change that was attributable to the mutation (see Section 4).
The esc9 mutation is an ATG to AAG transversion which substitutes a positively charged Lys residue for the strongly hydrophobic MetZs6 (M236K), immediately preceding the highly conserved Asp*37 in the middle of WD3 (Fig. 2A) . While this is a non-conservative amino acid substitution, this position in the WD consensus pattern is not a conserved one (Fig. 2B) .
The spontaneous esc2 mutation is a 10 bp deletion replaced by a 12 bp insertion of unknown origin beginning after the first base of the Vm4 codon within WD5, the last repeat in ESC. This results in a frameshift which removes the C-terminal 22 residues of the protein, including the last 15 residues of WD5. In their place, the predicted mutant protein would contain 44 novel residues encoded by the insertion and the other frame before terminating ( Fig. 2A) .
The esc2gene also contains another difference from our Canton-S wild type sequence: a GAG to AAG transversion which substitutes a positively charged Lys residue for the uncharged polar Gln,s, (Q184K) within WD2 ( Fig.  2A) . However, this alteration is also present in the esc+ sequence present on the CyO parent chromosome on which the esc2 mutation occurred (Fig. 3) , indicating that it is a phenotypically silent difference. We confirmed this by examining many flies from the CyO/Df(2)escJostock (from which this sequence was determined), which are hemizygous for this apparently wild type esc allele. This substitution is moderately conservative, both residues being highly polar, but nevertheless indicates that the specific residue at this position in ESC is not strictly constrained. This substitution also occurs at a non-conserved position in the WD consensus pattern, in a short region of variable length which is predicted to form a turn between the two most conserved parts of the motif (Neer et al., 1994) (Fig. 2B) . A number of other WD repeats in other proteins also contain Lys at this position, including the yeast proteins Tupl, Hirl, Cdc4, Cdc20, Ste4, Prp4 and Drosophila grouch0 (van der Voorn and Ploegh, 1992) , as well as CstF, AAC3 and PLAP.
The esc4 mutation is a GAG to TAG transition which substitutes a termination codon for Glniis (Q113STOP). This would lead to premature termination of the ESC protein just after WDl. The esc" mutation is therefore expected to be a very severe if not null allele, even if it produces a stable protein. Consistent with this, it was previously classified as an apparent null allele based on genetic criteria (Struhl, 1981) .
The e.sc5 mutation is also a GAG to TAG transition which substitutes a termination codon for Glni7i (Ql71STOP) (data not shown). This would lead to premature termination of the ESC protein at the beginning of WD2. It was also previously classified as an apparent null allele based on genetic criteria (Struhl, 1981) .
Developmental expression of the esc gene
To obtain a well defined developmental profile of esc expression, we examined the expression of the esc RNA in embryos by wholemount in situ hybridization (Fig. 4) . Previous genetic analysis of a temperature-sensitive esc allele determined that esc is apparently required only during the first few hours of development (Struhl and Brower, 1982) . Consistent with this, Frei et al. (1985b) showed by developmental Northern analysis that this RNA is present in w h and 4-8 h embryos, but undetectable in embryos older than 8 h. We find that the esc RNA is uniformly distributed in early embryos (but appears absent from the pole cells) and becomes concentrated throughout the germ band during germ band extension. It appears to increase in abundance up to this stage (Fig.  4c) , indicating a significant contribution from zygotic transcription. At this stage it is also absent from the anterior dorsal region of the embryo, anterior to the intercalary segment in the regions corresponding to the antennal, pre-antenna1 and labral regions. This pattern of expression is indistinguishable from that of the PC and ph at this stage , consistent with the possibility that ESC may interact with these proteins. After germ band extension, the level of esc RNA becomes greatly reduced if not absent in the germ band. It appears to be expressed later in the supraesophageal ganglion, but this expression is also transient and disappears before the end of embryogenesis.
Discussion
Structure of the ESC protein
We have shown that the candidate esc gene previously identified by Frei et al. (1985a,b) indeed encodes the ESC protein by identifying the sequence alterations of esc mutations, The predicted ESC protein contains a highly charged hydrophilic N-terminus and at least five WD repeats. The amino acid composition of the N-terminal region predicts that it is a flexible, unstructured, solvent exposed region of the protein. Such a region may be involved in interactions with other proteins and its phosphorylation potential could play a role in regulating the activity or stability of the protein. The presence of a PEST sequence in a probable exposed region of ESC could indicate that it undergoes rapid turnover. The absence of an identifiable DNA binding motif suggests that ESC may not interact directly with DNA.
The escp and esc2 mutations affect WD motifs, suggesting they correspond to regions of the ESC protein which are important for its function as a repressor of homeotic genes. The esc9 Lys substitution (M236K) impli- transcribed RNA. During these stages, esc RNA is absent from the anterior dorsal region of the embryo, corresponding to the prospective antennal, pre-antenna1 and labral regions. Its anterior boundary lies just anterior to the prospective intercaky segment. By the completion of germ band shortening, esc RNA is present only at greatly reduced levels, if at all, in stage 13 embryos (e and f than a more global perturbation of the protein. More generally, this mutation also suggests that the residues occupying so-called 'non-conserved' positions in the WD consensus pattern are likely to be important and may actually specify distinct functional differences between them (see below).
WD motiffunctions
The WD motif has been found in a growing number of non-Gg proteins with diverse cellular functions ranging from RNA processing (Dalyrimple et al., 1989; Takagaki and Manley, 1992) to regulation of cytoskeletal assembly (Choi et al., 1990) . At least 27 functionally nonequivalent WD-containing proteins have been identified and all function in a regulatory capacity, none are enzymes. The functions of many of these WD proteins involve participation in multiprotein complexes (Neer et al., 1994) .
There is considerable diversity among WD repeats, fewer than half of the positions in the consensus pattern being conserved and many conserved positions 'tolerating' multiple residues. Indeed, the WD repeats within any one protein, including ESC, are no more similar to one another than they are to repeats in different WD proteins (Neer et al., 1994) . This could indicate that individual WD repeats are functionally specialized or that the WD motif represents a generic functional unit which simply tolerates extensive variation outside of a few highly conserved functionally important positions.
Support for specialization comes from recent functional studies of several WD proteins which have demonstrated a role for their WD repeats. Genetic studies of the yeast G,s protein Ste4 implicate one of its WD motifs in the interaction with its G,. Ste4 is involved in transduction of the mating signal and is the active signaling species once it dissociates from its inhibitory G,. Numerous Ste4 mutations which disrupt its interaction G,, but none of its signaling functions, cause single amino acid substitutions within its second WD repeat, predominantly at 'non-conserved' positions in the WD consensus (Whiteway et al., 1994) . This indicates that its individual WD repeats are functionally specialized and that residues at 'non-conserved' positions of WD motifs may provide the specificity for their interactions.
Tupl , the yeast repressor of a-specific and glucoserepressible genes (Williams and Trumbly, 1990) , does not bind to DNA directly, but binds to DNA-bound homodimers of the a2 homeodomain protein (Keleher et al., 1992) . Tupl contains six WD repeats and one specific repeat mediates the interaction with a2 in vitro, indicating that its individual WD repeats are functionally specialized (Komachi et al,, 1994) .
In light of this evidence for specialization of the individual WD repeats within a single protein, it should not be surprising that the esc9 M236K substitution in WD3 is mutant, despite the occurrence of Lys at this position in other WD repeats and despite the 'non-conserved' nature of this position in the WD consensus pattern.
Other WD-containing nuclear proteins known or suspected to be involved in transcriptional regulation include the TAFIIsasubunit of TFIID (Dynlacht et al., 1993; Kokube et al., 1993) , the yeast Hirl repressor of the histone genes (Sherwood et al., 1993) and the Drosophila grouch0 protein, a repressor of the frz, Sxl and the ASC genes (Hartley et al., 1988; Stifani et al., 1992) . A truncated Tupl protein containing only its six WD repeats is competent for a2-mediated repression in vivo when overexpressed (R. Trumbly, pers. commun.), indicating they are sufficient for promoting the Tupl-dependent a2-mediated repression. The grouch0 protein, like Tupl, has recently been shown to be an essential co-repressor offiz, Sxl and the ASC genes. It also does not bind DNA directly, but binds to the basic helix-loop-helix repressors hairy, deadpan and E(spl), respectively (Paroush et al., 1994) , suggesting that its mechanism of action may be similar to that of Tup 1.
Role of ESC in establishing PC-G-mediated repression
By analogy to other WD proteins, we suspect that the WD repeats of ESC mediate interactions with other proteins. Some obvious candidates include the other PC-G proteins, some of which are found in multiprotein complexes which are bound to their target genes only when they are in a repressed state (Orlando and Pare, 1993) . The likely functional specialization of individual WD repeats is consistent with the possibility that each ESC WD repeat, or different combinations of them, may interact with a different partner protein. Indeed, Gg is known to interact with at least six very different classes of proteins which share no obvious sequence homology (Neer et al., 1994) .
The ubiquitous spatial and temporal distribution of other PC-G proteins, and their apparent lack of high affinity sequence-specific DNA binding activities, raises the question: how are they targeted to individual homeotic genes only in cells where they are destined to remain silent. It suggests that PC-G complexes may recognize their target genes by a mechanism other than sequencespecific DNA binding. They might bind to the transient repressors encoded by the segmentation genes such as hunchback and tailless or some other proteins present at transiently repressed homeotic gene promoters. Alternatively, they might recognize some feature of the DNA or chromatin structure present in transiently repressed homeotic genes.
Since esc RNA is only expressed transiently, if the ESC protein interacts directly with other PC-G proteins, it would not be expected to function as an integral component of PC-G complexes, unless it is unusually stable. We propose rather that it functions, via its WD repeats, as an 'adaptor' between PC-G proteins and the transient re-pressors or other proteins bound at homeotic gene promoters, thereby mediating the transition from transient repression to stable long term repression by the PC-G proteins.
Alternatively, ESC might be required for some initial step in the assembly of PC-G complexes, but not for their homing to target promoters. However, long term maintenance of the spatially restricted patterns of engrailed gene expression was recently shown to require many of the Pc-G proteins, but apparently not ESC (Moazed and O'Farrell, 1992) . This suggests that ESC may not be required for the initial assembly of PC-G complexes, at least not independent of the target genes involved. It indicates that ESC is required differentially by the BX-C and ANT-C genes to establish PC-G-mediated repression, consistent with a role in the initial targeting or assembly of PC-G complexes at these promoters. This also raises the possibility that there could be another ESC-like protein which performs a similar function in PC-G-mediated repression of en.
Analysis of changes in chromatin structure associated with Tupl binding to a2 suggest that Tupl may directly organize a repressive chromatin structure by creating an array of positioned nucleosomes adjacent to cx2-Tupl binding sites, thereby occluding a nearby promoter (Roth et al., 1990; Shimuzu et al., 1991; Roth et al., 1992; Cooper et al., 1994) . By analogy, ESC might be involved in establishing a similar repressive chromatin structure, perhaps in conjunction with the PC-G proteins. The long term maintenance of such structures by the PC-G proteins after ESC disappears could form the basis for the 'cellular memory' function of the PC-G proteins in 'imprinting' the determined state (Paro, 1990) . The identification of the partner proteins with which ESC interacts is an essential next step to understanding the mechanism by which ESC establishes stable repression of the homeotic genes.
Materials and methods
I. Fly strains
Fly stocks containing previously isolated esc alleles were kindly provided by Gary Struhl. The e.rc4 and esc9 alleles were induced on a cn bw chromosome with EMS or y radiation. The e.rc2 allele occurred spontaneously on a CyO chromosome (Struhl, 1981) . The esc transformant described by Frei et al. (1985a) was kindly provided by Markus Nell.
Isolation of the esc gene
The candidate esc gene identified by Frei et al. (1985a,b) was re-isolated from the transformant described by them (Frei et al., 1985a) . To do so, we used inverse PCR (Ochman et al., 1988) with P element primers and rosy primers adjacent to the insertion in the original Carnegie 4 vector shown to rescue the esc phenotype (Frei et al., 1985a) . We verified that the isolated products correspond to the DNA contained in this construct by using it as a probe for genomic Southern analysis of the esc transformant.
It detected additional restriction fragments unique to the transformant predicted from the published restriction map (Frei et al., 1985a,b) (data not shown). The PCR products were cloned and used as probes to isolate esc genomic clones from a IEMBL3 library (Canton-S) constructed and kindly provided by J. Tamkun. Candidate esc cDNAs were isolated from a lZgt111 ovary cDNA library (Canton-S) constructed in L. Kalfayan's lab and kindly provided by L. Searles.
DNA sequencing
For DNA sequencing, specific genomic and cDNA fragments derived from phage inserts were subcloned into the pB1ueskriptIIrM plasmid vector (Stratagene). DNA sequences were determined from double-stranded plasmid templates using the dideoxy chain termination method and the standard protocol recommended by USB with its SequenaseTM kit. A combination of universal primers and gene-specific primers were used to obtain complete sequence from both strands.
For sequencing of esc mutants, the entire esc gene was amplified as a 1.8 kb fragment directly from single mutant adults which were hemizygous for a mutation (e.g., esc4/Df12L)esc'O). These PCR products therefore contained only the mutant sequence. The entire sequence of each mutant gene was determined, except for the central part of the large third intron. Mutant sequences were determined by direct sequencing of purified PCR products using multiple internal primers and standard sequencing protocols recommended by USB with SequenaseTM kits. For each mutation, direct sequencing was done on at least three templates from independent single fly PCR reactions. Mutant sequences were also confirmed using cloned PCR products as templates.
We did not have the original cn bw background chromosome on which both the esc9 and esc4 mutations were induced. However, in both cases we found only a single DNA sequence difference leading to an amino acid substitution (esc9) or termination codon (esc4) (both compared to each other and to our wild type cDNA and genomic sequences). In the case of the spontaneous esc2, we also could not be certain, a priori, that the CyO, esc+ gene we used for comparison (from the Dj(2L) esclO/CyO stock) would be identical to the CyO, esc+ gene on which the mutation actually occurred. However, since the original CyO chromosome was isolated less than 40 years ago (Oster, 1956) , this sets a limit on the time during which DNA sequence divergence could have occurred. Again, only the single difference attributable to the mutation was found.
Sequence analysis
Initial ORF identification and protein sequence analysis was done using the IBI MacVector sequence analysis package (Kodak). We subjected the predicted ESC protein to analysis with the SAPS (Statistical Analysis of Protein Sequences) programs for statistically evaluating a wide variety of protein sequence properties (Brendel et al., 1992) . The PEST sequence was identified using the PESTFIND algorithm of S. Rogers (Rogers et al., 1986) , which assigns it a very high score of 19.03. Homology searches were done using the BLAST family of programs (Altschul et al., 1990 ) available on the NCBI BLAST E-mail server (blast@ncbi.nlm.nih.gov) and the BLOCKS program (Henikoff and Henikoff, 1991) available by E-mail server (blocks@howard.fhcrc.org). The identification and alignment of all individual WD repeats within ESC was done using the consensus pattern which was developed recently from alignment of 269 WD repeats and incorporates much of the range of sequence, length and spacing variability tolerated within WD repeats (Neer et al., 1994) . The nucleotide sequence of the esc gene has been deposited in GenBank database.
In situ hybridization
Wholemount in situ hybridization was done as previously described (Tautz and Pfeifle, 1989) . Single stranded sense and antisense RNA probes labeled with digoxygenin-UTP (BMB) were synthesized using the Ambion MegascriptTM kit. The template was a 1 .I3 kb linearized cDNA fragment, flanked by the T7 and T3 promoters in a pBluescriptIITM vector. Probe size was reduced to a mean size of 150-200 bp by controlled alkaline hydrolysis in 40 mM NaHCOs/60 mM Na&Os (pH 10.2) at 60°C for 45 min (Cox et al., 1984) . Photographs were taken using differential interference optics on a Zeiss Axioplan photomicroscope.
